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DOI: 10.1039/c003087bIn order to understand the molecular dynamics of natural rubber, the dielectric relaxation behavior of
its different components were investigated. These components included: (1) the linear polyisoprene
fraction, obtained after deproteinization and transesterification of natural rubber (TE–DPNR), (2) the
gel (GEL) fraction, corresponding to pure natural chain–end cross–linked natural rubber, (3)
deproteinized natural rubber (DPNR), in which the protein cross–links at the u–end have been
removed, and (4) natural rubber (CNR) purified (through centrifugation) but still containing proteins,
phospholipids and the sol phases. The dielectric relaxation behaviour of natural rubber revealed
a segmental mode (SM) which is not affected by natural chain-end cross-linking (so-called naturally
occurring network) and a normal mode (NM) which depends on a naturally occurring network. The
dynamics of the NM, which is associated to chain mobility, seems to be strongly affected by natural
chain-end cross-linking. We propose a model based on a hybrid star polymer in which the low mobility
core (phospholipids) controls the mobility of the polyisoprene arms.A. Introduction
Natural Rubber (NR) is a complex biomaterial mainly composed
of a linear chain formed by two trans-1,4 isoprene units and
between 103 and 3103 cis-1,4 isoprene units.1–3 The linear
isoprene chain is terminated in one end, the so called a–terminal,
by a mono- or di-phosphate group, linked with phospholipids.1–3
The other end, referred to as the u–terminal, has been postulated
to be a modified dimethylallyl unit linked with a functional
group, which can be associated with proteins to form cross–links
through intermolecular hydrogen bonding. Additionally, NR
contains significant amounts of proteins and lipids as a result of
the biosynthesis mechanism of rubber formation.1 The presence
of proteins and phospholipids in NR induces a multi-scaled
microstructure characterized by natural cross–linking among the
terminal groups of linear polyisoprene chains. Proteins are
responsible for the cross–linking of u–terminals by means of
hydrogen bonding, while interactions among phospholipids
provide cross–linking of a–terminals. This type of microstructure
forms the gel phase of natural rubber, schematized in Fig. 1,
which coexists with the sol phase mainly compose by uncross–
linked material.1–6
Natural impurities can connect the linear polyisoprene
segments in NR through functional terminals and generate theaInstituto de Ciencia y Tecnologıa de Polımeros, CSIC, Juan de la Cierva 3,
28006, Madrid, Spain
bInstituto de Estructura de la Materia, CSIC, Serrano 119, 28006 Madrid,
Spain
cDepartment of Chemistry and Center of Excellence for Innovation in
Chemistry, Mahidol University, Bangkok, 10400, Thailand
dDepartment of Chemistry, Stony Brook University, Stony Brook, New
York, 11794-3400
eThe Alan G. MacDiarmid Nanotech Institute, University of Texas at
Dallas, Richardson, TX, 75083, USA
3636 | Soft Matter, 2010, 6, 3636–3642following different chain formations like those indicated in
Fig. 1: A) extension of a linear chain, B) branching of three
chains, C) star formation of multi chains. The combination of all
of them can form a network. In addition, phospholipid natural
impurities can also generate micelles and proteins can generate
aggregates (see Fig. 1). Different chain connections lead to
formations of branch, star and network structures, which are
termed the ‘‘naturally occurring network’’.6 This unique micro-
structure endows NRmechanical properties not achievable by its
synthetic analogues, making NR one of the most fascinating and
important industrial natural polymers among engineering plas-
tics. Although the real cross-linking structure and role of
proteins are not fully understood, it was suggested that the cross–
linking of NR formed by proteins can be eliminated by depro-
teinization and that formed by phospholipids can be eliminated
by transesterification. The combination of both chemical
processes leads to obtain linear NR. The effect of proteins andFig. 1 Proposed structure of natural rubber (NR) occurring network.1–6
This journal is ª The Royal Society of Chemistry 2010
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View Article Onlinephospholipids on strain induced crystallization and the correla-
tion with the tensile strength of NR have been extensively studied
by X-ray diffraction and microscopic methods.6,7 However, to
our knowledge, there is a lack of systematic investigation on how
the natural impurities, which control the microstructure of NR,
affect the molecular dynamics of rubber chains. Most of the
studies dealing with the dynamics of polyisoprene (PI) have been
accomplished in synthetic samples and only a few in natural
rubber.8–11 The dielectric behavior of cis–polyisoprene is char-
acterized by a strong relaxation, related to segmental motions,
which appears at temperatures above the glass transition (Tg).
Additionally, due to its chemical structure, cis-PI is a type A
polymer (see scheme in Fig. 2) with a electrical dipole component
parallel to the chain backbone.12 Therefore, there is a slower
dynamics, referred to as the normal mode (NM), that is related to
the end-to-end relaxation of dipole moment of the cis–PI
chain.13–16 Consequently, the normal mode is related to the chain
dynamics and is strongly dependent on the molecular weight.
In this work, we use broadband dielectric spectroscopy to
study the segmental and chain dynamics of NR with different
levels of cross–linking, induced by the selective elimination of
proteins and phospholipids aiming to characterize dynamically
the influence of natural cross–linking agents. We have investi-
gated NR with different microstructures including: (a) centri-
fuged natural rubber (CNR) in which free non-rubber
components are eliminated by centrifugation, (b) the non soluble
phase in toluene (GEL), (c) deproteinized natural rubber
(DPNR) in which free proteins are removed and (d) trans-
esterified and deproteinized natural rubber (TE-DPNR) which is
composed of linear polyisoprene chains. The main aim of theFig. 2 3D plot of the frequency and temperature dependence of the
dielectric loss, 30 0, for CNR (top) and TE–DPNR (bottom) samples.
This journal is ª The Royal Society of Chemistry 2010study is to identify the segmental and chain relaxation mecha-
nisms which are influenced by the natural cross-linking.B. Experimental
B.1. Sample preparation
Natural rubber (NR) latex used in this study was obtained from
regularly tapped Hevea tree of RRIM 600 clone, provided by the
Thai Rubber Latex Co., Thailand. A systematic procedure to
separate the different natural rubber components was accom-
plished according to the following steps:
1. Raw natural rubber latex was centrifuged at a speed of
13,000 rpm for 30 min in order to remove sludge and water
soluble impurities, such as amino acids, sugars and metal ions.
The cream fraction was collected and dried in an oven at 323 K.
This material is referred to as centrifuged natural rubber (CNR).
2. CNR was subsequently dissolved in toluene solution at
a concentration of 1 wt%. This solution was kept in the dark
without stirring for a week. Then, the gel fraction (GEL) was
separated from the sol fraction by centrifugation at a speed of
10,000 rpm for 30 min. The gel fraction was collected and dried in
a vacuum oven at 313 K. The lighter part is the sol fraction,
about 80%, which is composed of toluene soluble rubber and
soluble natural impurities. The gel fraction contains insoluble
rubber and insoluble natural impurities.
3. Deproteinized NR (DPNR) was prepared by incubation of
NR latex (30% weight/volume (w/v) dry rubber content) with
0.04% w/v proteolytic enzyme (KAO KP-3939) and 1% w/v
Triton X–100 for 12 h at 310 K followed by centrifugation at
13,000 rpm for 30 min. The cream fraction was re-dispersed with
0.5% w/v TritonX-100 to make 30% w/v dry rubber content and
re–centrifuged at 13,000 rpm for 30 min. This process eliminates
the protein content.1
4. Finally, transesterified and deproteinized NR (TE–DPNR)
was prepared by the reaction of DPNR with freshly prepared
sodium methoxide in toluene solution at room temperature for
3 h, followed by precipitation using an excess amount of meth-
anol. This process eliminates the phospholipid content.1
The molecular weight of the rubber samples was determined
by size exclusion chromatography (JASCO-Borwin) using two
columns in line, packed with crosslinked polystyrene gel having
the exclusion limits of 2107 and 4105 g mol1. The rubber
solution was prepared by dissolving rubber into tetrahydrofur-
ane (THF) (LabScan, HPLC grade) at the concentration of
0.05% (w/v) and filtered through a Millipore prefilter and
0.45 mm membrane filter (Alltech). THF was used as eluent with
a flow rate of 0.5 ml min1 at 308  0.01 K, monitoring with
refractive index as a detector. Commercially available cis–1,4
polyisoprene (Polymer Standard Service GmbH, Germany) wasTable 1 Insoluble fraction in THF and molecular weight of NR samples
Samples
Insoluble
fraction in THF (%w/w) Mw ( 106) Mn ( 105) Mw/Mn
CNR 30.7 1.87 2.87 6.53
DPNR 4.4 2.16 3.29 6.56
TE–DPNR 0 1.46 2.84 5.13
Soft Matter, 2010, 6, 3636–3642 | 3637
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View Article Onlineused as standard sample of the molecular weight. Data of the
molecular weight of the different samples is included in Table 1.Fig. 3 Temperature dependence of the dielectric loss, 30 0, at 7 Hz for: (o)
(CNR), (*) (GEL), (O) Deproteinized natural rubber (DPNR) and (>)
(TE–DPNR). The arrows are an indication of the location of the NM
process.
Fig. 4 Dielectric loss, 30 0, for CNR, GEL, DPNR and TE–DPNR
samples as a function of frequency, F (Hz), at 223 K for the segmental
mode (SM). The continuous lines represent best fit to the eqn (1).B.2. Dielectric spectroscopy and data analysis
Dielectric loss measurements (30 0, where 300 ¼ Im (3*) with 3*
being the complex dielectric permittivity) were performed over
a broad frequency range (101 Hz < F (Hz) < 107 Hz) in
a temperature range of 123 K < T < 373 K using a BDS–40
NOVOCONTROL system with an integrated dielectric interface
ALPHA and a QUATRO temperature controller. The temper-
ature in these experiments was controlled by a nitrogen jet, thus
having a temperature error of 0.1 K during every single sweep
in frequency. Samples for dielectric measurements were dissolved
in a toluene solution at a concentration of 4% w/w. The solution
was cast using a dropper on a golden disc (3 cm in diameter, by
NOVOCONTROL), which was used as the lower electrode. The
electrode was rotated and inclined manually in order to cover
homogeneously the electrode surface. Subsequently, the samples
over the electrode were dried at 313 K in vacuum. A smaller
golden electrode of 2 cm (NOVOCONTROL) was placed on top
of the sample. Due to the viscous nature of the samples, the
thickness could no be accurately defined over the whole
temperature range covered by the measurements. For this reason
discussion of the dielectric data was based on the maxima of the
relaxation curves rather than on the dielectric strength values.
The observed normal and segmental relaxations were analyzed
using procedures described elsewhere,15,17 which involve the use
of the phenomenological Havriliak-Negami (HN) equation
containing a conductivity term. Since 30 (u) and 300 (u) are related
to each other via the Kramers–Kronig relation,17 the functional
form of the HN description was used to evaluate 30 0 (u) values
over the entire relaxation range. The experimental data have
been described by the empirical equation of HN:
3
00 ¼ Im3* ¼ Im 3N þ S
x¼I ;II
D3x
h
1þ ðiusxÞbx
icx þ

sdc
3VACu
s
(eq.1)
where I and II indicate the segmental and normal mode relaxa-
tions, u ¼ 2pF, O3x is the dielectric strength, sx is the central
relaxation time of the relaxation time distribution function, and
b and c (0 < b, c < 1) are the shape parameters which describe the
symmetric and asymmetric broadening of the relaxation time
distribution function, respectively. Here, sdc is related to the
direct current electrical conductivity, 3VAC is the vacuum
dielectric constant, and s depends on the nature of the conduc-
tion mechanism. The relaxation time corresponding to the
maximum in 300 can be estimated by:17,18
smax ¼ sHN sin bp
2þ 2c
  1
b
sin
bcp
2þ 2c
  1
b
(eq.2)
C. Results
C.1. Dielectric relaxation behaviour
While CNR can be considered to be a purified natural rubber
cross-linked at the chain ends by natural agents (see Fig. 1),3638 | Soft Matter, 2010, 6, 3636–3642TE–DPNR corresponds to the non cross–linked linear natural
polyisoprene. Fig. 2 shows the temperature and frequency
dependence of the dielectric loss 30 0 for CNR and for TE–DPNR.
As expected, the measurements exhibit a low–temperature
process just above the glass transition temperature (Tg  213 K),
which can be assigned to the segmental–mode process (SM).
Similarly as for synthetic polyisoprene, it originates from local
motions of the perpendicular dipole moment.15 A broader
relaxation is detectable at higher temperatures in both samples
which, again similarly to the synthetic polyisoprene case, can be
assigned to the normal–mode process (NM). The NM process,
detectable because of the dipole component parallel to the
backbone, corresponds to motions of the entire chain.8,9,15 This
general relaxation behavior is qualitatively similar for all the
samples investigated. For the sake of comparison, Fig. 3 illus-
trates the dependence of 300 at 7 Hz as a function of temperature.
In this Figure, the segmental–mode appears as a relatively sharp
maximum, while the normal–mode appears as a broader one at
higher temperatures. It is evident that the position of the
maximum in 30 0 SM does not vary from sample to sample. On the
contrary, the NM exhibits significant variation with different
sample treatment. According to these data, the NM forThis journal is ª The Royal Society of Chemistry 2010
Table 3 Parameters of the HN Equation for the Normal mode (NM)
Sample T/K b c sHN/s
CNR 293 0.26 0.8 0.00126
GEL 293 0.26 1 3.3  104
DPNR 293 0.56 1 2.5  106
TE–DPNR 323 0.5 0. 46 0.28
Fig. 5 Dielectric loss, 30 0, for CNR, GEL, DPNR and TE–DPNR
samples as a function of frequency, F (Hz), at selected temperatures
where the NM is well resolved. The continuous lines represent best fit to
eqn (1).
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View Article OnlineTE–DPNR seems to be slower than that of CNR. The NM for
the DPNR sample is not well resolved in the isochronal plot,
shown in Fig. 3, therefore isothermal representations are neces-
sary. Fig. 4 and 5 illustrate selected isothermal plots of 30 0 as
a function of frequency corresponding to the SM (Fig. 4) and
NM (Fig. 5) for the different samples. As far as the SM is con-
cerned, the data in Fig. 4 clearly show that the maximum in 300 is
not significantly affected by the sample treatment. Fig. 5 shows
isothermal plots in the temperature region where the NM
appears for the different samples. Contrary to what was observed
for the SM, a significant variation with sample treatment is seen
for the NM. The results of Fig. 5 clearly show that the NM of the
GEL sample becomes slightly faster than that of CNR. More-
over, the NM for the DPNR is even faster than that of the GEL
sample. On the contrary, the NM of the TE–DPNR sample is the
slowest one of all the investigated samples.C.2. Relaxation times for segmental and normal modes
It was possible to analyze the two relaxation processes individ-
ually for all the samples. For this purpose, the loss curves were
resolved into two contributions from normal and segmental
modes, respectively. Since the dielectric curves are in general
broad and asymmetric, the HN function (eqn (1)) was used to fit
the data.15,17,19 The continuous lines of Fig. 4 show that the HN
function gives a reasonable description of the experimental data
for the segmental mode. In these cases, only one relaxation term
was considered to contribute to eqn (1). The corresponding
fitting parameters are collected in Table 2.Table 2 Parameters of the HN equation for the Segmental mode (SM)
Sample T/K b c sHN/s
CNR 223 0.50 1 7.5 104
GEL 223 0.58 0.51 0.0017
DPNR 223 0.46 0.98 0.0011
TE–DPNR 223 0.55 0.7 0.0013
This journal is ª The Royal Society of Chemistry 2010The analysis of the NM data is more complex because of
the segmental mode contribution at high frequencies and of the
conductivity term that affects the low frequency tail of the
relaxation curves. For this reason, eqn (1) was used for two
relaxations, one for SM and other for NM, all having an addi-
tional conductivity term to fit the data in the temperature range
where the NM is analyzed. The SM mode relaxation at high
temperatures can be simulated by extrapolation of the HN
parameters fitted at lower temperatures.20,21 The continuous lines
of Fig. 5 show the fit of the HN function to the experimental data
indicating the contribution of the different terms of eqn (1). The
corresponding shape parameters are collected in Table 3.
The fitting procedure was performed in the whole temperature
range for all the samples. By this procedure, the temperature
dependence of the relaxation time associated to the maximum in
30 0 can be calculated according to eqn (2). Fig. 6 shows the
average relaxation time (eqn (2)) as a function of reciprocal
temperature for both SM and NM processes and for all the
investigated samples. In all cases, the temperature dependence of
the relaxation time departures from the simple Arrhenius
behavior exhibiting a curvature at high temperatures. This
characteristic temperature dependence, which generally charac-
terizes both segmental and normal modes,8,9,15 can be described
by means of the Vogel–Fulcher–Tammann (VFT) equation:
smax ¼ s0exp[A/(T  T0)] (eq. 3)
where s0, T0 and A are constants with T0 < Tg. As far as the
segmental mode is concerned, the parameter A can be redefined
as A ¼ DT0, where D is referred to as the fragility strengthFig. 6 Activation plot for the segmental (hollow symbols) and the
normal (solid symbols) modes for: (B,C) CNR, (+, *) GEL, (O,:)
DPNR and (>,A) TE–DPNR samples. The dotted lines represent the
fits of eqn (3).
Soft Matter, 2010, 6, 3636–3642 | 3639
Table 4 VFT parameters for the segmental and normal mode processes
Sample
segmental mode normal mode
D T0/K A/K T0/K
CNR 4.52 157.3 218.4 247.7
GEL 4.17 160.6 191.9 216.5
DPNR 4.22 161.1 161.1 226.3
TE–DPNR 4.27 161.0 2609.3 119.1
Fig. 7 Optical micrograph of natural rubber indicating the presence of
proteins aggregates and phospholipids micelles.
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View Article Onlineparameter that can be related to the characteristics of segmental
motions above the glass transition temperature.22 The dashed
lines in Fig. 6 indicate the fittings of the VFT equation to
the experimental data. The fitting parameters are reported in
Table 4.
D. Discussion
The results presented until now seem to indicate that dielectric
spectroscopy is a useful technique to deal with the molecular
dynamics of natural rubber specimens with different structural
hierarchy. The starting step for the discussion will be to consider
the chosen polymer system is a cross–linked polymer network,
where cross–links affect essentially the motions of chain ends.
While the deproteinization treatment tends to eliminate the
cross–linking in the u–terminal chain ends, the trans-
esterification process tends to eliminate cross–links in the
a–terminal ones. Consequently, the combination of deproteini-
zation and transesterification treatments render to natural linear
polyisoprene.1–3 Analogously to synthetic polyisoprene,8,9,15 the
general relaxation behaviour of the different rubber samples
exhibit two processes (Fig. 2).
D.1. Segmental mode of natural rubber
Starting from lower temperatures, the segmental mode (SM)
appears above the glass transition temperature and can be
attributed to segmental motions of polymer chains.8,9,15 For
synthetic polyisoprene, the SM does not depend on the molecular
weight.15 In our case, according to the relaxation time date
shown in Fig. 6, the SM does not depend on the treatment given
to samples. Dielectric experiments performed in polymer
networks have shown that the a–relaxation, attributed to the
segmental mode, depends on network density and shifts toward
higher temperatures as the cross–link density increases.23,24
However, the nature of the cross–linking in natural rubber is very
peculiar as it concerns exclusively the chain ends (Fig. 1).
Therefore, in this case, modification of the cross–linking of
natural rubber by the different treatments does not significantly
affect segmental motions since the molecular weight among
cross–links is very high, of the order of 106 g mol1. The value of
the fragility strength parameter, D, does not vary with sample
treatment. The D value around 4 indicates that natural rubber is
a dynamically fragile system as corresponds in general to
polymer materials.25
D.2. Normal mode of natural rubber
Besides the segmental mode, all the investigated samples exhibit
at higher temperatures a broad process (Fig. 2 and 3) which, in3640 | Soft Matter, 2010, 6, 3636–3642analogy to what it has been reported for synthetic polyisoprene,
can be attributed to a normal mode.8,9,15 The normal mode (NM)
appears as a consequence of the chemical structure of the
cis–polyisoprene chain that has components of the dipole
moment parallel to the chain contour.15 Therefore, cis–poly-
isoprene can exhibit a dielectric NM process caused by the
parallel dipole moment in addition to the common SM process
mainly originated by molecular motions affecting the perpen-
dicular dipole moment. The main effect observed in the dynamics
of the NM for the different samples is the dependence of chain
mobility with the chain-end cross-linking (Fig. 6). Basically, TE-
DPNR with no chain-end cross–linking exhibits slower chain
dynamics than the GEL, with cross–linking in the a– and
u–chain ends while DPNR exhibits the faster dynamics.
The slower NM exhibited by the TE-DPNR sample (Fig. 6)
can be essentially considered to be analogous to that exhibited by
a linear polyisoprene.1–3 However, the relaxation time of 0.28 s at
323 K for the TE-DPNR sample (Table 3) is about three orders
of magnitude faster than the relaxation time predicted for
synthetic polyisoprene.15 Somehow this is expected since the
reported results for synthetic polyisoprene refer to samples with
very narrow polydispersity15 (Mw/Mnz 1). In this study, natural
rubber samples exhibits much broader polydispersities close to 6
(Table 1). Therefore, the presence of low molecular components
may affect significantly the average relaxation time.
The deproteinized natural rubber (DPNR) sample is mainly
cross-linked by phospholipids at a–terminal chain ends. There-
fore, in this study we can consider DPNR as a star polymer,26 in
which the centre of the star has a different nature as that of the
star arms. The dynamics of star polymers in general and of
polyisoprene stars in particular have been investigated by
dielectric spectroscopy.26,27 It has been proposed that the motion
of star polymers should be around four times slower than that of
free linear chains of similar length as those in the star arms.28
This hypothesis was corroborated by dielectric relaxation
measurements for synthetic cis–polyisoprene stars.26 In these
studies, the NM of the polymer stars is shown to be significantly
slower than that of the corresponding arms.26 This effect seems,
at first glance, to contradict the observation in this study, since
the NM of DPNR is much faster than that of TE-DPNR (Fig. 6).This journal is ª The Royal Society of Chemistry 2010
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View Article OnlineFaster NM processes in cis–polyisoprene stars than those of the
linear arms have been observed under confinement.29 Dielectric
spectroscopy was used to study the NM of polyisoprene in
microphase separated star diblock copolymers where poly-
isoprene forms a core and polystyrene forms a corona.29
According to Floudas et al.,29 the NM process is strongly influ-
enced by the spatial confinement induced by the polystyrene
phase. This phase confines the polyisoprene star centre within an
effective radius R such that <(OR) 2>1/2 z b(Me)
1/2, where b is
the statistical segment length (z 0.68 nm for PI) and Me is the
molecular weight among entanglements. The main effect is the
enhancement of polyisoprene chain mobility. This has been
explained considering that the dielectric NM is mainly deter-
mined by the motion of the central part of the star.29Calculations
based on the Rouse model29 indicated that the NM process in the
star can become faster than that of the arm ifM > 1.5Me where
M is the arm molecular weight. Inspired by these ideas, we have
attempted to explain the enhanced NM dynamics of DPNR as
compared to that of TE-DPNR. In the chosen system, DPNR
can be considered as a hybrid star polymer because the core of
the star, formed by a phospholipid aggregate, is chemically
different from the arms. This chemical heterogeneity is expected
to make the molecular mobility of the phospholipid core to be
very different from that of the polyisoprene arms. The optical
micrography of natural rubber samples shown in Fig. 7 indicates
the presence of phospholipids micelles with sizes as large as z
10 mm. This suggests that the phospholipids core should be very
effective in fixating the a-terminal chain ends. We propose that
the phospholipid core has, at least due to its size, a restricted
mobility as compared with that of the arms. While in the case
discussed by Floudas et al., the PS confining phase restricts the
mobility of the star centre, in our case it is the chemical hetero-
geneity of the hybrid star in its core the responsible for the
restricted mobility around the arm a-end regions. Additionally,
there exists a topological confinement induced by the entangle-
ments.29 This effect is expected to be very significant considering
that the molecular weight of the polyisoprene arms is about three
orders of magnitude higher than Me. Due to entanglement
constraints, the star centre would not be free to explore the whole
space, since moving through one tube would provoke modifica-
tion of the tube diameter to accommodate the hybrid core. Due
to this restricted situation, the star centre tends to be localized.
According to Floudas et al.29 the ratio between the relaxation
time of the star polymer, sstar, and that of the arm, slinear, for
a homogeneous, i.e. not hybrid, star should follow that:
sstar
slinear
a

Me
M
3
(eq. 4)
where M is the molecular weight of the arm and Me is the
molecular weight among entanglements and the proportionality
constant is the number of arms. This relation predicts that the
chain relaxation mode would become faster when M > 1.5Me.
Considering the molecular weight of the linear polyisoprene
(TE-DPNR)z 106 and that ofMe for natural polyisoprene
30z
3103, a significantly faster dynamics could be expected for
DPNR as compared to that of TE-DPNR as experimentally
observed.
The Gel component of natural rubber consists essentially of
a natural network with cross–links at both chain–ends (Fig. 1).This journal is ª The Royal Society of Chemistry 2010The chain dynamics of the GEL samples is slightly slower than
that of DPNR but still significantly faster than that of the TE–
DPNR sample. Considering the arguments provided in the
previous sections, this effect can be understood because the
mobility of polyisoprene arms of the DPNR hybrid star
becomes, in the GEL, more restricted due to the additional
fixation of their free u–ends by the protein components (Fig.1).
The aggregates of proteins can also be of the order of tens of mm
and therefore also very effective in fixating the u–terminals
chain–ends. However, in spite of this, the chain dynamics of the
Gel sample remains faster than that of the TE–DPNR linear
polyisoprene sample. This indicates that the chain dynamics of
the GEL component is dictated by the relaxation at the cores of
two different hybrid stars associated to the different chain ends
of natural polyisoprene.
The chain dynamics of natural rubber (CNR) presents a NM
which is located close to that of the GEL and in between those of
TE-DPNR and DPNR (Fig. 6). This can be understood
considering the heterogeneous nature of CNR, which consists of
a pure network fraction, the GEL component, and a Sol fraction
composed of branched polymer and linear chain. Accordingly, it
is expected that chain dynamics reflects features of both
components. At high temperatures, the NM relaxation times
practically overlap those of the GEL component indicating the
fast dynamics of both cores of the hybrid stars, a–ends and
u–ends, which control the overall chain relaxation behavior. At
lower temperatures, the NM of CNR tends to become slower
than that of the GEL component probably due to the contri-
bution of the linear polyisoprene sol component, which seems to
dominate at low temperatures the overall CNR chain dynamics
with slower modes.Conclusions
The results presented in this study show that in order to under-
stand the molecular dynamics of natural rubber it is necessary to
take into consideration the complexity of this natural material.
This can be accomplished by investigating the dielectric relaxa-
tion of the different components in natural rubber. In this work,
we have investigated by dielectric spectroscopy the relaxation
behavior of: (1) the linear polyisoprene component, obtained
after deproteinization and transesterification of natural rubber
(TE-DPNR), (2) the gel fraction, which correspond to pure
natural chain-end cross–linked natural rubber, (3) a deprotei-
nized natural rubber (DPNR) sample, in which the protein
cross–links at the u–end have been removed, and (4) a natural
rubber sample (CNR) purified by centrifugation which contains
the protein, phospholipids, the gel and the sol phases. The
general relaxation behaviour of the different rubber components
exhibit two processes: the segmental mode (SM), attributed to
the segmental motions of the polymer chains, and a normal mode
(NM) associated with the chain dynamics. While the SM does
not depend on the treatment of the sample, a significant effect is
observed for the NM. The main effect observed in the dynamics
of the NM for the different samples is the dependence of the
chain mobility with the chain end cross–linking. TE–DPNR,
with essentially no chain-end cross–linking, exhibits a slower
chain dynamics than that of the GEL, with cross–linking in the
a– and u–chain-ends. DPNR exhibits the fastest dynamics. ThisSoft Matter, 2010, 6, 3636–3642 | 3641
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View Article Onlineeffect has been explained considering DPNR as a hybrid star
polymer in which the core and the arms have different chemical
nature. The faster chain dynamics of DPNR can be understood
as caused by the restricted mobility of the phospholipids core.
The chain dynamics of the GEL sample slows down as a conse-
quence of the restricted mobility of polyisoprene arms of the
DPNR hybrid star induced by the fixation of their free ends due
to the protein component. However, the chain dynamics of the
GEL remains significantly faster than that of the TE–DPNR
linear polyisoprene sample. Finally chain dynamics of natural
rubber (CNR) is located close to that of the GEL and in between
those of TE–DPNR and DPNR. This has been explained
considering the heterogeneous nature of CNR which consist of
a pure network fraction, the GEL component, and a linear
polyisoprene fraction, the Sol. At high temperatures the chain
relaxation of CNR is caused by the dynamics of both cores of the
hybrid stars, a–ends andu–ends, while at lower temperatures the
linear polyisoprene sol component tends to slow down
the overall CNR chain dynamics.Acknowledgements
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